The coupling and reconstruction of electronic degrees of freedom (such as charge, spin and orbital) at a heterointerface can lead to unexpected and exotic states of matter. In this study, using model systems consisting of multiferroic BiFeO 3 and ferromagnetic La 0.7 Sr 0.3 MnO 3 , we review the current understanding of a novel interfacial magnetic state formed at the interface, and highlight some possible mechanisms responsible for this interesting phenomenon and identify open questions for future studies.
Introduction
Over the past couple of decades, complex oxides have attracted intense research interest especially in condensed matter physics. They present a broad range of interesting functionalities, such as high-temperature superconductivity, colossal magnetoresistance, (anti-)ferromagnetic, (anti-)ferroelectric, piezoelectric and more recently multiferroic properties. The rich spectrum of materials physics involved has triggered extensive studies to understand the fundamental nature of existing systems, so as to control/design novel functionalities for applications.
As Kroemer [1, p. 783 ] stated at the beginning of his Nobel lecture, 'Often, it may be said that the interface is the device'; artificially constructed heterointerfaces between different complex oxides provide researchers with a huge playground for the investigation of novel physics and emergence of fascinating states of matter. The ability to control and manipulate the interplay of lattice, charge, spin and orbital degrees of freedom through heterointerfaces has enabled the possibility to design and engineer novel functionalities of materials, which are usually inaccessible from bulk materials, as shown in figure 1. For instance, the epitaxial strain owing to the lattice mismatch can lead to the emergence of novel phases [2, 3] , enhancement of ferroelectricity [4] , modulation of ferromagnetic anisotropy [5] , etc. Charge imbalance or differences of chemical potential can induce charge transfer across the interface, forming a two-dimensional electron gas [6] [7] [8] and other interfacial electronic reconstruction. Interfacial spin reconstruction [9] and artificially designed spin structures [10] can lead to novel magnetic states. Finally, the reconstruction of orbital degrees of freedom and modification of orbital occupancy at interfaces can lead to novel electronic states [11] and magnetism [12] . In short, from the discovery of a high-mobility, two-dimensional electron gas at the interface between two insulators [6, 7] to the observation of novel magnetism across interfaces [9, 10] , fascinating emergent phenomena and novel states of matter at the complex oxide heterointerfaces are continually expanding our horizon of knowledge [13] [14] [15] [16] [17] . Especially, the coupling and interplay between the spin and charge degrees of freedom across heterointerfaces are of particular interest owing to their potential applications in terms of magnetoelectric devices [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] .
In this study, we review the recent understanding of novel magnetic states formed at the interface of multiferroic BiFeO 3 and ferromagnetic La 0.7 Sr 0.3 MnO 3 , and highlight several possible physical mechanisms. We begin by introducing the model system, and then turn to the magnetic coupling across the heterostructure and related interfacial magnetic states. Finally, we discuss various possible origins of this interface magnetism, and propose several future directions. Being the only room temperature multiferroic (antiferromagnetic and ferroelectric) so far, BiFeO 3 (BFO) has attracted great interest and extensive investigation in the past decade. It has a rhombohedral unit cell, built with two distorted perovskite cells connected along a pseudocubic [111] direction [30, 31] . It is also a G-type antiferromagnet with Néel temperature of approximately 673 K and a symmetry-allowed, small canted moment owing to the DzyaloshinskiiMoriya (DM) interaction [31, 32] . The hybridization between the two 6s electrons in Bi with surrounding oxygen ions leads to a large displacement of the Bi cations relative to the oxygen octahedral along the [111] direction [33] with a Curie temperature of 1103 K, and the spontaneous ferroelectric polarization of about 90 mC cm −2 observed in the forms of both single crystals [34] and thin films [35] . For a more comprehensive review of the interesting properties of BFO, we recommend a recent review by Catalan & Scott [36] .
Introduction to the model system of
The study of perovskite manganites can be traced back to 1950 [37] , when researchers found that doped manganites are both ferromagnetic and conducting, although the parent compounds are antiferromagnetic and insulating. In the manganites, the origin of ferromagnetism can be attributed to 'double-exchange coupling' or Zener coupling [38] , in which the spin can propagate from site to site, together with the hopping electron through the mediating oxygen anions, leading to a spontaneous magnetization. In the manganite system, owing to the strong correlation between the degrees of freedom, the manipulation of electron density, epitaxial strain and application of a magnetic field can dramatically change the phase diagram [39, 40] . Of all the possible compounds, La 0.7 Sr 0.3 MnO 3 (LSMO) attracts huge research interest because it is by far the only simple perovskite manganite with Curie temperature higher than room temperature [41] [42] [43] . The reader can refer to earlier studies [41] [42] [43] for a thorough discussion of the manganite system. In BFO and LSMO, all the degrees of freedom are fundamentally important for determining the intrinsic properties, as itemized in figure 2a . Thus, the interplay between them across the interface would definitely be an interesting model system to explore and understand the rich physics involved at the interface [16, 17, 23, 24, 28] .
Exchange-bias coupling and novel interface magnetic state
The model heterostructures of LSMO/BFO on SrTiO 3 (001) are synthesized using pulsed-laser deposition, while monitoring the growth process with reflection high-energy electron diffraction, which enables control of the growth process at the 1/2 unit cell scale [44] . The chemically abrupt nature of the interface, as revealed by the high-resolution electron microscopy (figure 2b), clearly indicates the structural purity of such heterostructures and underpins their usage as promising model systems for the study of magnetoelectric coupling [45, 46] . To investigate the magnetic coupling across the interface as well as the interface spin structures, an LSMO/BFO heterostructure with the structure stacking sequence as shown in figure 3a has been employed. Compared with the LSMO film (without BFO), the magnetic hysteresis of the LSMO/BFO heterostructure (figure 3b) clearly exhibits both an enhancement of the coercive field (approx. 275 Oe versus approx. 40 Oe) and a shift of the hysteresis loop opposite to the cooling field direction with an exchange-bias field of 140 Oe (exchangebias field), both of which are the hallmarks of exchange-bias coupling at the interface [47, 48] . This indicates that a pinned (unrotatable) spin state and a consequent internal field is formed at the interface, which is usually located at the antiferromagnet side owing to its larger spin anisotropy energy [47] . In the current system, the strong antiferromagnetic superexchange coupling between the Fe 3+ (d 5 ) ions leads to the G-type antiferromagnetic spin structure [31, 32] , which has a nominally compensated spin structure at the (001) plane (figure 3c). However, at the interface, the magnetic coupling between LSMO and BFO can lead to a new phase through spin reconstruction. For example, if the magnetic coupling between Fe and Mn cations is strong enough, the competition between 1T FC -800 -400 0 400 800 1200 the interface coupling and the antiferromangetic ground state of bulk BFO can lead to a spin frustration with a large canting angle (from the solid arrows to the dashed arrows) as demonstrated in figure 3d . Here, we postulate that the observed exchange-bias coupling is correlated to this possible interface spin reconstruction. Thus, in order to understand the origin of the exchange-bias coupling at the LSMO/BFO interface, it is critical to acquire direct information of the interfacial spin structures, especially at the BFO side. By taking advantage of both its surface-sensitive and element-specific nature, X-ray magnetic circular dichroism (XMCD) in a total electron yield mode has been used to study the interface [9] . By employing the so-called spin sum rule [49] , XMCD can provide detailed information of the spin configurations, including orientation and magnetization. The clear XMCD spectra obtained on both Mn and Fe L-edges, presented in figure 4a, explicitly indicate a novel magnetic state formed at the interface. The XMCD signal at the Mn edge is consistent with previous measurements [50] . By contrast, the spin sum rule for the XMCD of the Fe edge indicates a dramatically larger moment (approx. 0.7 mB per Fe) than the canted moment of bulk BFO (approx. 0.02-0.05 mB per Fe) [51, 52] . Additionally, the opposite signs of the XMCD spectra for Mn and Fe L-edges indicate that the magnetic coupling between Mn and Fe across the interface is antiparallel in nature. To probe further the correlation between this novel interfacial spin state and the exchange-bias effect observed, temperature-dependent XMCD and SQUID measurements have been carried out and are shown in figure 4b. The interdependence between the interfacial ferromagnetic state in the Fe sublattice and the exchange coupling, with an exactly analogous transition temperature at approximately 100 K, strongly indicates the enhanced, interfacial magnetic moment in the Fe sublattice as the source of exchange-bias coupling observed. In order to trace the origin of the interface magnetism further, we have compared the dichroism of the interface BFO with different reference samples, as shown in figure 5a. First, no measurable XMCD is detected in the BFO-only sample with a 'stripe'-like ferroelectric domain structure. Although a previous study has shown a sizeable XMCD in BFO samples with 'mosaic' domain structure [53] , the XMCD spectra observed at the interface have very different line shapes and much enhanced amplitude. Second, the comparison between BFO and g-Fe 2 O 3 clearly shows that the dichroism of the BFO lacks the reversal of the gFe 2 O 3 XMCD spectra corresponding to the T d site at approximately 710 eV [54] . Finally, the comparison between the XMCD for BFO and GaFeO 3 reveals almost identical features, confirming the similarities in the lattice structure and electronic state of Fe in these two materials (O h site, Fe 3+ ) [54] . From these results, it can be concluded that the relatively large magnetic moment at this heterointerface is arising from Fe 3+ ions on the O h sites and is unlikely to be the result of anion non-stoichiometry that might change the valence state of the Fe, which is further supported by the scanning transmission electron microcopy-electron energy loss spectroscopy (STEM-EELS) measurements across the interface, as shown in figure 5b. The chemically abrupt transition between Fe and Mn edges across the interface indicates that the interface cationic intermixing is minimal. Furthermore, the identical Fe spectra taken at the interface and far from the interface of BFO clearly suggest that the valence state of the Fe at the interface is the same as that in the bulk, i.e. the +3 oxidation, state.
Interface magnetism and orbital reconstruction
To trace the origin of the interfacial magnetism in the BFO, so as to understand the source of the exchange-bias coupling, several models have been developed [45, [55] [56] [57] . We note that, in transition metal oxides, the magnetic coupling between the metal cations is mainly determined by the electronic states or more specifically the orbital occupancy of d electrons. First, we consider the condition that the charge transfer across the interface is prohibited, which seems very plausible, owing to the fact that: (i) the d 5 ground state of Fe cations is very robust [58] and (ii) the prerequisite of Fermi energy continuity at the interface suggests a possible energy alignment, as shown in figure 5a, with the energy level of BFO lower than that of LSMO owing to the insulating nature of BFO and the metallic nature of LSMO; thus, charge transfer between the LSMO and BFO layers is likely to be prohibited, which has been further supported by EELS studies across the interface (figure 5b). Thus, across the interface, only the orbital hybridization is required to be considered, through which the strong hybridization between the d 3z 2 −r 2 orbitals of Fe and Mn at the interface can modify the energy states at the interface and form bonding and antibonding states. Through the strong hybridization, the energy levels of the bonding orbitals can be pushed lower, whereas the energy level of antibonding orbitals should be lifted higher. On the other hand, the energy level of the d x 2 −y 2 orbitals in the Fe and Mn should not be significantly influenced owing to the small coupling strength between them [59] . Thus, the degeneracy of d x 2 −y 2 and d 3z 2 −r 2 in LSMO is lifted, as illustrated schematically in figure 6a. After the hybridization, the electrons at the Fe d 3z 2 −r 2 orbital state occupy the lower energy bonding orbital, which is supported by the experimental evidence of a red shift of energy level of the d 3z 2 −r 2 orbital through the oxygen K-edge measurements [45] . The electron at the Mn site takes the d x 2 −y 2 orbital state at the interface; as a consequence, d x 2 −y 2 orbital ordering is favoured at the interface for LSMO. Armed with the information of the orbital structure at the interface, we now get further insights into the spin configurations across the interface. [63] . Thus, through this model, the interfacial Fe spins and the Mn spins in the bulk LSMO region are coupled antiferromagnetically as suggested by the XMCD measurement. It is worth noting that the different spin structures at the interface tend to lead to a spin frustration, with the competition between the ferromagnetic coupling across the interface and antiferromagnetic ground state of bulk BFO. To achieve a more energetically favourable state, the spins in the BFO layer will cant along the spin direction of the interface Mn layer, with the magnitude of the canting angle proportional to the strength of interface magnetic coupling, as shown in figure 6b .
Thus, the current orbital hybridization model can explain both the observed ferromagnetism and its related spin configurations. However, several key aspects still need to be clarified: (i) the detailed spin configuration across the interface; (ii) the pinning mechanism of the interface ferromagnetism; and (iii) can this interface ferromagnetic state in BFO be controlled with an electric field? Figure 6c shows a schematic of proposed spin structure across the heterointerface, with an exponential decay-induced magnetization in the BFO layer away from the interface, which could be understood by considering the fact of large magnetic coupling between the nearest neighbour Fe cations. In order to achieve a clear picture of the interface magnetic state, further experimental investigations, such as polarized neutron reflectometry and theoretical modelling, are highly desirable (Q. X. Jia et al. 2012, unpublished results). In the current model system, both the antiferromagnetic coupling between the interfacial Mn and the second Mn layers and the induced moment in the BFO layer are responsible for the observed exchange-bias coupling. However, the induced moment in BFO must be pinned by an additional mechanism such as the spin anisotropy in BFO or the interface roughness, which may cause a complicated magnetic domain structure. Clarifying such a microscopic structure is an important future direction.
Mystery of interface magnetism and exchange-bias coupling
Besides the model discussed earlier, two qualitatively different theoretical scenarios have been proposed to explain this intriguing exchange-bias effect and its potential application in magnetoelectric coupling. By means of a model Hamiltonian, Calderon et al. [57] introduced a microscopic model to address the magnetic coupling across the interface. They calculated the magnetic coupling strength across the interface and found that a magnetic moment at Fe ions at the interface of the BFO layer can be developed as a consequence of both charge and orbital redistribution. More specifically, the charge transfer between the two materials (BFO and LSMO) activates a strong, double-exchange mechanism, which competes with the antiferromagnetic coupling in BFO bulk and leads to a finite canting of interfacial spin at the BFO layer. Because the direction and amplitude of the interface magnetic coupling are strongly correlated with the interface charge density, the application of an electric field or switching of ferroelectric polarization will result in the magnetoelectric coupling of the heterostructure through the modification of the interface electronic state. It is worth noting that the key for this model is the activation of a charge transfer pathway across the interface, which usually relies on a suitable band alignment, so that the cost of energy for charge transfer is negligible. As shown in figure 7a , if an electron moves from Fe towards Mn, an equal amount of holes will move from Mn towards Fe, while delivering the spin information into the BFO antiferromagnetic lattice. We note that the charge transfer can also be assisted through a band reconstruction at the interface. For instance, the recent transmission electron microscopy study suggests a novel structure reconstruction at the interface, in which the octahedral rotation of the BFO layer is suppressed at the interface, resulting in an increase in Fe-O-Fe bond angles at the interface [64] . Because the increase in bond angle will lead to the broadening of bandwidth, a possible band reconstruction might be deduced at the interface as shown in figure 7b . In this case, an intra-band charge transfer can lead to the redistribution of charge spin and orbital states at the interface, thus the interface magnetism can also be achieved through the previously discussed double-exchange pathway. It is worth pointing out that, in the previous studies of orthoferrites AFeO 3 , the changing of A cations can lead to a larger variation of bonding angles, and thus Néel temperature [65, 66] ; however, these oxides remain antiferromagnetic insulators. On the other hand, recent experimental results [67] and first-principles calculations [68] revealed a notable band gap reduction (several hundreds meV) across some specific ferroelectric domain walls of BFO owing to the deformation of the Fe-O-Fe bond angles. Nevertheless, in order to understand and testify the underlying mechanism of the model, detailed information of band structure and band alignment across the interface is highly desired, which can be achieved by cross-section scanning tunnelling microscopy [67] and/or advanced X-ray photoemission measurements. Another interesting and related theoretical work involves the spin-orbital coupling (DM interactions) [69] [70] [71] at the heterointerface. In BFO, the octahedron tilting results in the so-called GdFeO 3 -type distortion, and moves the oxygen anions away from the midpoint of Fe cations, as shown in figure 7c (top left  panel) . Further, because the tilting is a collective effect, the distortion-induced displacement of oxygen ions forms a staggered pattern, as shown in figure 7c (bottom panel). At the interface, DM interaction is the scalar triple product of the DM coefficient vector and the BFO and LSMO spin vectors with the forms of (Dong et al. [56] )
Because the BFO spin vector also forms a staggered pattern at the interface, the DM interaction can be taken as a net effective magnetic field to the antiferromagnetic aligned BFO spins, as shown in figure 7c (top left panel) . Dong et al. [56] have demonstrated that the interactions between the spins and lattice distortion can also play a key role in driving a possible exchange-bias coupling. Furthermore, they proposed that the switch of BFO ferroelectric polarization could modify the interface magnetic coupling (superexchange coupling) with the control of bond angles and lattice distortions at the interface.
Although all the models can successfully explain the observed exchangebias coupling and its related magnetoelectric coupling in the current model system, they are different from each other in many aspects. We hope that future theoretical and experimental investigations will be triggered by our observations. Despite the complex and unclear underlying mechanism of the exchange-bias coupling, all the proposed mechanisms point out the fact that the interface magnetic coupling is strongly correlated with the novel electronic state at the interface. Thus, the switching of the ferroelectric polarization can be taken as a pathway to modulate the interface magnetic coupling and lead to the magnetoelectric coupling across the heterointerface. Using field-effect transistor geometry, Wu et al. [46] demonstrated a reversible switching between two distinct exchange-bias states by isothermal switching of the ferroelectric polarization in the LSMO/BFO heterostructure. They observed that both the magnetic coercive field and the exchange-bias coupling of the LSMO layer follow a similar trend to the voltage dependence of the LSMO channel resistance. Such an approach, together with several similar recent experimental results [72] [73] [74] [75] , suggests a new pathway to achieve electric field control of the magnetism through exchange-bias coupling.
Conclusion and future prospects
In summary, the LSMO/BFO heterointerface presents an intriguing model system for the study of the interaction of charge and spin degrees of freedom at the interface. In addition, the ferroelectric nature of multiferroic BFO provides a pathway to manipulate this coupling with electric field as a perturbation, so as to obtain strong magnetoelectric coupling. Clearly, such coupling is not limited to only these two degrees of freedom. The coupling and reconstruction of other degrees of freedom, e.g. orbital and lattice, and their implications for the magnetic and electronic properties of heterostructures will definitely bring in amazing physical concepts to this developing field of complex oxide heterointerfaces. Furthermore, other external perturbations (such as light, magnetic field and strain) could also be employed to manipulate interface phenomena to achieve novel functionalities.
We note that, although substantial progress has been achieved along these approaches, several key challenges and interesting problems still remain. From an application perspective, it would be a tremendous breakthrough if such interfacial phenomena occurred at room temperature. Clearly, the almost two-dimensional nature of such interactions at the heterointerface is going to be a challenge in terms of stabilizing the interface ferromagnetic state at room temperature. Detailed theoretical studies would be of significant value in this regard. Recent studies of the coupling between BFO and other conventional ferromagnets (CoFe [53, 72] , NiFe [73, 76] , CoFeB [77] , etc.) are showing considerable promise for robust coupling at room temperature.
As outlined in figures 6 and 7, several possible pathways can lead to the enhancement in the magnetic moment of the BFO layer at the interface. Future experimental and/or theoretical studies will have to sort out these pathways. A question that has currently captured the interest of the oxide community relates to the changes in symmetry at the interface. Heterointerfaces, by definition, break crystal symmetry at the interface. In the case of the BFO system, the oxygen octahedral rotations about the polar [111] axis are of special interest. Some recent imaging work has shown that these rotations can be significantly altered at the interface [64] . Is this a generic feature or something specific to the BFO system? What are the characteristic length scales (both along the interface and normal to it) and the corresponding energy scales?
Finally, as described earlier, the first demonstration of electric field modulation of this exchange bias is already available. However, at the moment the details are not apparent of how the electric field modulation of the exchange bias occurs. For instance, the work of Wu et al. [46] showed that the exchange bias could be modulated from a finite value (positive or negative) to close to zero; however, it is not clear how to achieve a full switch of the polarity of the exchange bias with the application of only an electric field.
